Abstract: In this study, the effect of coir fiber reinforcement on the mechanical properties of vulcanized natural rubber composite has been studied. An attempt has been made to predict the effect on tensile strength, maximum load, and elongation at break (%) of coir fiber-reinforced vulcanized natural rubber composites under cold, heat, and water aging tests. The natural rubber was vulcanized at 150°C. The fibers were soaked in a 5% solution of NaOH for 48 h at room temperature. At different temperatures, cold, heat, and water aging resistance tests were conducted to understand the behavior of the composite under different environment. The properties recorded after aging tests were compared with initial properties to investigate the effect of fiber reinforcement. The results revealed that the samples containing coir fiber showed better performance after each aging test. The specimens showed the highest properties in case of water aging resistance.
Introduction
Philippines, Indonesia, India, and Sri Lanka account for 78% of coconut production. It is a renewable resource and CO 2 -neutral material. It is a nontoxic, biodegradable, lowdensity, and low-cost fiber, which is abundant in nature. The fiber has a high degree of water retention and is rich in micronutrients.
Generally, natural rubber (NR) is used as a base material for such products where flexibility and elasticity are of greater importance. On its normal life span, NR products can face various atmospheric and temperature variations.
In certain cases, it is required that the product should have a specific stiffness in a particular direction. A high level of reinforcement cannot be achieved using short fiber, but they can exhibit soft, stiff, and stronger properties. In this article, an attempt has been made to understand the effect on tensile strength (MPa), maximum load (N), and elongation at break (%) of coir fiber reinforced vulcanized NR composites under cold, heat, and water aging tests. Because rubber products have a very wide area of application, it becomes very important to understand the behavior of NR under such conditions. The coir fibers are short and coarse in nature; thus, they can be used as reinforcement in NR. They can alter the strength and can make rubber a little stronger, although it is nearly impossible to obtain enhanced toughness because of the steepness in its stress-strain curve. Geethamma et al. [1] studied the dynamic mechanical analysis of short coir fiber-reinforced NR composites. The results suggested that fibers increased the value of the modulus.
Nam et al. [2] investigated the effect of alkali treatment on the interface and mechanical properties of coir fiber-reinforced poly(butylene succinate) biodegradable composites. The results suggested that the alkali-treated composites showed better properties as compared with that of untreated. In this study, the fibers were soaked in 5% of NaOH solution for 48 h. This treatment removed the undesired coir pith from the fiber and made the fiber suitable to enhance fiber/rubber adhesion. Geethamma et al. [3] treated the fiber with alkali solution, and the results showed improved properties than untreated fibers. Karthikeyan and Balamurugan [4] investigated the effect of alkali-treated coir fibers on polyester composite. In their experiment, different volume fractions were taken and results revealed that the volume fraction ranging from 10% to 30% showed optimum properties. The treated fiber showed better results as compared with untreated fibers. The flexural strength of such composites was found out to be lower than the pure polyester.
Rattanasom and Prasertsri [5] studied the relationship between mechanical properties, heat aging resistance, cut growth behavior, and morphology in NR. The results showed that the elongation at break % and the tensile strength were reduced after thermal aging, whereas the 
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Materials
The coir fiber used as reinforcement was supplied by Shri Balaji Pressing Unit, Bhosari MIDC, local industry in Pune, Maharashtra, India. The NR used in this investigation was obtained from Balaji Rubber Lining Industry Bhosari MIDC, local industry in Pune, Maharashtra, India. All the materials used were of commercial grade. Figure 1 shows the structures of coir fiber and vulcanized NR. Initial properties of the vulcanized NR are shown in Table 2 . 
Fiber preparation
Coir pith present in the fibers was removed before alkali treatment. The fibers were chopped into approximately 10 mm length and then soaked in 5% NaOH for 48 h. The fibers absorbed most of the solution. The fibers were taken out and washed rapidly under tap water several times and allowed to dry out in air. Figure 2 shows the coir fibers soaked in 5% NaOH solution.
Preparation of composites
The composites were prepared on two roll laboratory mill shown in Figure 3 . All the machine parameters were kept same for both NR and coir fiber-reinforced NR. The nip gap was maintained at 2 mm. The NR was milled and passed through the roller several times to ensure no air was present in the rubber. The following chemicals were added during the milling of vulcanized NR: 1. Zinc, 10 g 2. Mercaptobenzodithiazole, 10 g 3. Tetramethylthiurum, 5 g 4. Sulfur, 5 g
The fibers were mixed at the last of the milling process for better fiber alignment. Two different types of sheets were made of the mill. One with reinforcement and the other without reinforcement, then the samples were made of . The samples were then allowed to cure at room temperature. Initial properties of coir fiber-reinforced vulcanized NR composites are shown in Table 3 .
Results and discussion
The samples were investigated under different temperature and atmospheric conditions for understanding the response of the material under such working conditions. Initial mechanical properties such as maximum load (N), elongation at break (%), and tensile strength for both kinds of samples were investigated. It was then compared with the properties obtained after the aging tests.
Initial tensile strength and elongation at break (%)
Mechanical properties such as maximum load, tensile strength, and elongation at break (%) were investigated for both samples without any kind of aging. The specimens were cut into dog bone shape for tensile strength investigation. Both types of samples were analyzed in the same universal testing machine (UTM) according to ATSMD 3039 standard. The stress-strain variation was recorded by an extensometer. The specimens with coir fiber showed better performance. The tensile strength was increased by 34.70%. Geethamma et al. [3] studied the effect of coir fiber reinforcement on NR composite and calculated various mechanical properties. Elongation at break (%) was analyzed for different mixtures of fiber/rubber. The increase in maximum load was recorded to be 83.32%. Figure 4 shows the initial mechanical properties of vulcanized NR, and Figure 5 shows the initial properties of coir fiber-reinforced vulcanized NR composite. From Tables 2 and 3 , it can be concluded that the elongation at break increased because of better fiber/rubber adhesion. The increase in elongation at break (%) was calculated as 8.44%, whereas the percentage increase in the tensile strength was recorded as 34.70 (%).
Effect of cold resistance at − 60°C for 8 h
Multiple samples were made for a better understanding of the behavior of the composite material in different working conditions. Three samples of vulcanized NR and two samples of coir fiber-reinforced vulcanized NR composites were analyzed in cold resistance test. The samples were kept at − 60°C for 8 h. Curing was conducted at room temperature. The samples were hardened a little by cold temperature. All the samples were tested in UTM.
Maximum load (N), tensile strength (MPa), and elongation at break (%) were recorded during the test. The stress-strain curve depicts the behavior of material under maximum load (N). Reinforced NR specimens showed higher mechanical properties as compared with raw NR samples. The maximum load was increased by 121.162%, tensile strength by 90.06%, and elongation at break by 84.65%. The coir fiber enhanced the properties of NR for working under cold temperature. The mechanical properties of vulcanized NR after cold resistance at − 60°C for 8 h are shown in Table 4 . Figure 6 shows the stress-strain curve of vulcanized NR after cold resistance at − 60°C for 8 h. Table 5 shows the mechanical properties of coir fiberreinforced vulcanized NR composite after cold resistance at − 60°C for 8 h. Figure 7 displays the stress-strain curve of coir fiber-reinforced vulcanized NR composite after cold resistance at − 60°C for 8 h. On comparing these parameters with initial parameters given in Tables 2 and 3 , it can be concluded that because of cold resistance, the properties were reduced.
Effect of water resistance at ambient temperature for 8 h
To study the effect of water on fibers, the specimens of both types were kept in water for 8 h at ambient temperature. The graphs of both samples were analyzed. Table 6 shows the mechanical properties of vulcanized NR after water resistance at ambient temperature for 8 h. Table 7 highlights the mechanical properties of coir fiberreinforced vulcanized NR composite after water resistance at ambient temperature for 8 h. Figure 8 shows the stress-strain curve of vulcanized NR after water resistance at ambient temperature for 8 h, and Figure 9 displays the stress-strain curve of coir fiber-reinforced vulcanized NR composite after water resistance at ambient temperature for 8 h.
The results suggested that the reinforced specimens showed higher properties as compared with raw vulcanized NR specimens. For raw vulcanized NR, the maximum load was found out to be 5.635 N (average). For coir fiberreinforced composite, the maximum load recorded was 8.46 N (average). Thus, it can be concluded that the coir fiber act as a reinforcement for water-based application. The maximum load was increased by 50.13%, tensile strength by 31.428%, and elongation at break by 94.065%. It can be seen that these values of maximum loads are still smaller than the values shown in Tables 2 and 3 . Hence, water soaking reduced the fiber/rubber adhesion and decreased the amount of maximum load (N) in both samples. Still, after the effect of water resistance, the reinforced samples showed better results. The coir fiber also has high lignin content.
Effect of heat resistance at 80°C for 4 h
Three specimens of both NR and coir fiber-reinforced vulcanized NR were examined under this test. NR on its typical application can face temperature variations. It is important to understand its behavior after the heat aging process. After heat aging, the specimens were tested on UTM, and their stress-strain relationship was analyzed. It can be seen that after heat aging, the performance is reduced. Rattanasom and Prasertsri [5] studied the effect of thermal aging on different NR vulcanizates. The strength of samples was decreased after heat aging. Table 8 shows the mechanical properties of vulcanized NR after heat resistance at 80°C for 4 h, and Table 9 displays the mechanical properties of coir fiber-reinforced vulcanized NR composite after heat resistance at 80°C for 4 h. Figure 10 shows the stress-strain curve of vulcanized NR after heat resistance at 80°C for 4 h. Figure 11 shows the stress-strain curve of coir fiber-reinforced vulcanized NR composite after heat resistance at 80°C for 4 h. Comparing the results of Tables 8 and 9 with the initial properties given in Tables 2 and 3 , it can be concluded that the performance of specimens was reduced because of heat aging. It made the fiber/rubber adhesion weaker. The reinforced samples showed better performance after the heat aging. The maximum load was increased by 80.53%, tensile strength by 26%, and elongation at break by 90.85%. Tensile strength was recorded least in this case. It can be concluded that the behavior of composites was least in this case and optimum in the case of cold aging resistance tests. For the quantitative analysis of reinforcement, the percentage increase has been calculated. Table 10 shows the percentage increase in each property of the composite.
Conclusions
The mechanical properties of coir fiber-reinforced vulcanized NR composites were studied. Alkali treatment (5% of NaOH solution) removed the undesired coir pith from the fiber. Tensile strength, maximum load, and elongation at break were recorded during each test to understand the response of composites under different conditions. After conducting all three tests, an attempt has been made to analyze the behavior of the composite under such conditions. The initial properties showed that the incorporation of coir fiber in vulcanized NR improved the properties of the composite significantly. The stress-strain curve for both specimens suggested that the coir fiber reinforcement has made the NR stronger. On cold resistance aging test, both the reinforced and the raw vulcanized NR specimens showed a relatively lower performance as compared with the initial properties. The coir fiber-reinforced specimens showed better properties. After aging both specimens under water resistance test, the elongation at break (%) for raw vulcanized NR specimens was found out to be too lower than that of the initial value. The reinforced specimens showed higher performance. Same behavior was observed after heat aging. From the experiment, it can be concluded that the coir fiber-reinforced vulcanized NR composites showed better mechanical properties in comparison with raw vulcanized NR composites. From Table 9 , it can be concluded that the coir fiber reinforcement made the NR withstand different temperatures for different intervals of time. The tensile strength of all vulcanizates tends to decrease after treatment at high temperature. This is because the degree of cross-linking after aging exceeds an optimum value and the networks become too dense, leading to the decrease in tensile strength while the moduli increase. A reduction in elongation at break is observed for all aged samples. This is simply attributed to the formation of additional cross-links for the optimum cured samples, which is well known as the postcuring effect. The increase in the crosslink density via the postcuring reduces the mobility of rubber chains.
The coir fiber-reinforced vulcanized rubber composite can be used in insulations, mattresses, and toys. It can also be used in automobile tires. Different weight percentages can also result in significant changes in the properties of the material. Further investigation can be performed on fiber length, volume fraction, and diameter. The response of the composite for different volume fractions can be studied. Curing properties can be studied for better reinforcement. Scanning electron microscopy (SEM) and X-ray diffraction test can be performed for understanding the morphological properties and structure of the composite. Synthetic rubber can be used in place of NR because they have better mechanical properties. More research can be done for making the material more resistive against increasing temperature. The duration of each test can be altered for understanding the change in behavior of the composite under varying parameters.
